Abstract-In this paper, the impact of increased penetration of wind generation on the damping of the inter-area modes in two different topologies of a three area test system is studied. Four different scenarios based on different power trading schemes between areas are defined and the role of tie-line power in the evolution of the inter-area modes is evaluated. The results magnify the importance of the tie-line power on the beneficial or adverse effect of increased wind power on the damping of the inter-area modes. It is seen the the modes are adversely affected when the wind power is increased in an area that exports power to remote areas. On the other hand, the damping of the inter-area modes improve when areas with significant wind generation import power from remote areas. Furthermore, it is seen that the interarea modes are less affected in a more inter-connected system like ring topology compared to a string topology. PowerFactory DIgSILENT is used for the modal analysis and the penetration of wind power is increased by displacing conventional synchronous generators.
I. INTRODUCTION
With a global capacity of more than 300 GW, wind power has achieved nowadays a high level of integration in many power systems and it is the fastest growing among different types of renewable energy sources (RESs) [1] . The majority of wind turbines installed around the world are type 3 and type 4 wind turbine generators (WTGs) which are connected to the grid via a power electronic interface without introducing inertia to the system [2] . It is appreciated that the changing profile of inertia requires restudying system performance and security indices [3] . This paper studies the impact of high wind integration on the damping of low frequency oscillatory modes in different system topologies and investigates the role of tieline power on the damping of inter-area oscillatory modes.
Low frequency oscillations (LFOs) occur in power systems as a result of a perturbation and if not well-damped, they might endanger the secure operation and lead to partial or full black-outs [4] , [5] . The stability of these oscillatory modes is sometimes a limiting factor that restricts the power transfer between areas. For instance, the power transfer in the Queensland-New South Wales Interconnector (QNI) of Australian National Electricity Market (NEM) is limited to a maximum of 1078 MW due to oscillatory stability [6] . Thus, enhancing the damping of these modes could have financial benefits as well as ensuring the security of the system. In the past decade, considerable research efforts have been directed toward evaluating the implications of increased penetration of RESs on the performance and security of power systems. The impact of these resources on the oscillatory modes of the system could be direct (by reducing system inertia or changing the dynamics of the system) or indirect (through changing the power flow paths or adding congestion to the transmission corridors). The studies show that due to the various parameters involved, the impact of increased numbers of converter interfaced wind turbine generators (WTGs) on the damping of the LFO could be different depending on wind turbine technology, location, control mode and wind penetration [7] - [11] . The authors in [12] have claimed that some new electromechanical oscillatory modes might appear as a result of the interaction between existing synchronous generators and reactive power controllers in WTGs. The modes are highly dependant on controller parameters and would be manageable by proper tuning of the controller parameters.
The majority of the studies so far have been carried out on complex networks where general conclusions are very hard to derive. This paper takes the approach begun in [13] for the study of small signal stability where it is useful to consider multi-area test systems in some detail. In fact, we extend this idea as follows. The different characteristics of converter-based WTGs compared to conventional synchronous generators, the proximity of loads of different types and the different operation scenarios for a system are evaluated on simple configurations where general conclusions are not lost in the details. In general, we study the idea that not only system inertia, but also the network structure, grid strength and node type will be important. In this paper, we study the impact of increased penetration of wind generation on different configurations of a three area system. Two different topologies namely string and ring configurations for a three area network are considered, and increased penetration of wind power is accommodated by displacement of conventional synchronous generators. Damping and small signal stability of the systems are studied using modal analysis and the models are constructed in dedicated power system analysis software package PowerFactory.
The rest of this paper is organized as follows. The test systems and the assumptions for different scenarios are presented in section II. Section III and IV studies the impact of increased wind generation on the string and ring topology respectively and similarities and differences are discussed. Finally section V concludes the paper.
II. SYSTEMS DESCRIPTION
Two different configurations for a three area system are considered for the purpose of this study and they are shown in Figs. 1a and 1b. The models are derived by extending the well-known two area test system proposed in [14] . Each area is comprised of two conventional synchronous generators and one load. The areas are connected with double circuit loss-less transmission lines with the length of 220 km. The synchronous generators are all equipped with standard excitation systems (IEEET1), governors (IEEEG1) and power system stabilizers (STAB1) and each provide 650 MW active power to the grid. Four different scenarios are assumed for the loading of the systems and they are summarized in Table I . Different scenarios correspond to different power trading schemes between areas. The result of modal analysis for the string configuration in scenario A is shown in Fig. 2 and it shows three local and two inter-area oscillatory modes. Local oscillatory modes correspond to the generators G1a and G1b in area 1, generators G2a and G2b in area 2 and generators G3a and G3b in area 3. Analysing the speed eigenvectors and participation factors illustrate that the high frequency inter-area mode (HFIM) is an oscillatory mode in which the generators in area 2 oscillate against the rest of the system. Similar analyses for the low frequency inter-area mode (LFIM) show that that in this mode, the generators in area 3 oscillate against generators in area 1. The oscillatory behaviour of the modes as well as their damping and frequency might change in different scenarios and different configurations. However, the number of local modes and inter-area modes remains the same.
The impacts of the increased penetration of wind power on the damping of the electromechanical modes are analysed by displacing the generators G2b and G3a with fully rated convertor wind turbine generators (FRC-WTGs). Multiple parallel units are assumed for the plants G2b and G3a and by decreasing the number of units gradually, the displaced unit is replaced with FRC-WTGs. This approach allows for discretestep reduction of the inertia caused by increased penetration of wind power. Furthermore, in different loading scenarios, the effect of the direction of the tie-line power on the impacts that increased penetration of wind power might have on the electromechanical modes can be captured. In scenarios A and B, where the power is traded between area 1 and area 2, the generator G2b is displaced with WTGs. The generator G3a is displaced with WTGs in scenarios C and D in which the power trading is between area 1 and areas 3. The WTGs are operating at constant reactive power control mode.
III. INCREASING WIND PENETRATION IN THE STRING TOPOLOGY

A. Replacing the Generator G2b
Generator G2b is displaced in scenarios A and B where the power is traded between area 1 and area 2. The participation of different generators on the inter-area modes is shown in Fig. 3 . In scenario A, 400 MW power is transferred from area 2 to area 1. As it is seen from Fig. 3 , the generators in area 2 have significant participation on the HFIM while their participation on the LFIM is negligible. By increasing the penetration of wind power (through displacing units of G2b with WTGs), the eigenvalues of the system including the inter-area modes undergo some changes in terms of damping and frequency of oscillations. The damping of the modes determines the rate of decay in the oscillations after a disturbance in the system and it is the main focus of this paper. The frequency of oscillations are highly dependant on the inertia in the system and they normally increase when the inertia in the system reduces [15] . Fig. 4 shows the evolution in the damping of the inter-area modes when G2b is gradually displaced with WTGs in scenario A. In this study, the wind penetration is the percentage of wind power in total generation of an area in which the wind power is increasing and it is calculated from:
P wind(%) = P wind P wind + P Gia + P Gib
where, P Gia and P Gib are the output power of the synchronous generators in area i. As it is seen from Fig. 4 , the damping of HFIM decreases while the damping of the LFIM has not changed significantly. The negligible changes in the damping of the LFIM is expected since the participation of G2b in this mode is not significant.
In scenario B, the direction of tie-line power between area 1 and area 2 is reversed. The change in the loading pattern of the system does not change the oscillatory behavior of the inter-area modes. However, the participation of generators in area 2 on the inter-area modes is increased (see Fig. 3 ). Fig. 5 shows the impact of increased penetration of wind power in area 2 on the damping of the inter-area modes. In contrast to scenario A, increasing wind power in this scenario increases the damping of the HFIM. This mode is the main mode on which the generators in area 2 significantly participate, and the simulation results show that the direction of tie-line power has a key role in the variation of the damping of this mode. The generator G2b is located in area 2 which has connection to two neighboring areas. The results of scenarios C and D in the following sub-section show that the beneficial or detrimental impact of wind generation on the damping of inter-area modes could be more intense when wind power in area 3 is increased.
B. Replacing the Generator G3a
In scenarios C and D, the loading of the system is such that the power is transferred from area 3 to area 1 and vice versa. In these two scenarios, the generator G3a is displaced with WTGs to capture the effects of increasing wind power in the outer area of a string configuration. Fig. 6 shows the participation of different generators on the inter-area modes in these two scenarios. As it is seen, the generator G3a has significant participation in the both HFIM and LFIM. However, its participation in the LFIM is more than the HFIM and it is expected that this mode gets more affected if G3a is displaced in the system. Fig. 7 and Fig. 8 show the evolution in the damping of the inter-area modes in scenarios C and D. In scenario C, the power is exported from area 3 to area 1 and Fig. 7 shows that the damping of both inter-area modes are decreased. The reduction in the damping of the LFIM is more intense and this mode loses its stability when wind power reaches penetrations above 42% and damping becomes negative. The results of the simulation for scenario D in Fig. 8 show that despite scenario C, the damping of both inter-area modes improves when G3a is displaced with WTGs. The only difference between the two scenarios is the difference in the direction of the tie line power. Comparing the simulation results for these two scenarios show that the detrimental or beneficial impact of increased wind power on the damping of the inter-area modes could be different depending on the direction of the tie-line power. When wind penetration increases in an area which exports power to a remote area, the damping of the inter-area modes deteriorates and when it imports power from a remote area, the damping improves.
IV. INCREASING WIND PENETRATION IN THE RING TOPOLOGY
A. Replacing the Generator G2b
The ring topology is constructed by connecting area 1 and area 3 with a transmission line. The participation factor and speed eigenvector analyses (not shown here) have been used to determine the oscillatory behaviour of the inter-area modes. The results illustrate that in one of the inter-area modes, the generators in area 1 oscillate against the generators in area 2 and area 3. In the other one, the generators in area 2 oscillate against the rest of the system. Fig. 9 and Fig. 10 show the changes in the damping of the inter-area modes when G2b is displaced by WTGs in scenarios A and B respectively. As it is seen from Fig. 9 , displacing the units of G2b causes a slight reduction in both HFIM and LFIM. However, Fig.10 shows significant improvements in the damping of the HFIM as the wind power increases in area 2. The LFIM is not affected since the G2b has negligible participation on it. Comparing the two scenarios shows that when area 2 is exporting power to area 1, the damping of the inter-area modes decrease while importing power to that area increases the damping of the inter-area modes. This is in line with the findings of the string topology where similar observations were made. This finding is useful in refining the scenarios of the future grids that have more vulnerability to instability or damping issues.
B. Replacing the Generator G3a
Due to the triangular symmetry of the ring topology, the difference of the scenarios C and D with the scenarios A and B is solely the change in the location of the generator which is displaced by wind. The variation in the damping of the inter-area modes in scenario C is shown in Fig. 11 . As it is seen, similar to the other scenarios where wind power was exported from the area where wind penetration is increased, the damping of the inter-area modes reduced. The reduction in the damping is not as severe as the string topology where the small signal stability of the system was lost in some cases. This can be associated with the greater connectivity of this topology and the fact that each area is connected to two neighbouring areas. The evolution in the damping of the inter-area modes in scenario D where the tie-line power is reversed is shown in Fig. 12 . The damping of the HFIM is increasing while LFIM is unaffected. The results are confirming that tie-line power can have an important role on the way the increased wind penetration affect the power system. Furthermore, the effect of the wind power on damping of the inter-area modes could be different depending on the operating condition of the system.
V. CONCLUSION
The impact of displacing conventional synchronous generators with inertia-less type-4 WTGs on the damping of interarea modes in two different configurations of a three area test system is studied. Different power trading schemes are assumed between areas and the evolution in the damping of the inter-area modes are observed. The results show that the direction of the tie-line power has an important role in the positive or negative effect of wind power on the damping of the inter-area modes. Increasing penetration of wind power in an area which exports power to remote areas deteriorates the damping of the inter-area modes. On the other hand, if the area is importing power from remote areas, the damping of the modes improve. The level of impact depends on participation of the displaced generator on a specific mode. Also the results show that damping of the inter-area modes are more adversely affected in the string topology rather than the ring topology. 
